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Abstract: 
Adequate theories of multicomponentgas and liquid phase adsorption have been available for IO to 
15 years. Yet the ideal of using computer simulations to determine treatment costs and to aid in 
design of real-world environmental systems has never fully materialized. However, current 
adsorption theories are accurate enough, and quite useful, for making relative comparisons of 
performance of different carbons and for looking at adsorption versus other technologies for new 
applications. The use of a gas- and liquid- phase adsorption model is evaluated for predicting 
performance, optimizing carbon selection, and designing systems for environmental applications. 

I. MODELING ENVIRONMENTAL APPLICATIONS - DEFINITION OF THE PROBLEM 
The ideal situation would be to have a computer program that instantly predicts the capital and 

operating cost of an optimizedactivatedcarbon system that solves a specific environmentalproblan 
in both the gas and liquid phase. In addition, the program would need to be able to account for 
variability in conditions and stream composition. This algorithm would allow ‘what-if type 
analyses to aid in design of an optimal system and account for upsets and shutdowns. Also, in the 
activated carbon design, the algorithm rhythm would provide instant feed back on performance 
leading to better activated carbon processing schemes and products. We are not there in 1996, but 
have made progress. 

This is not a statistical error analysis or a review of existing adsorption theories. Instead it is a 
description of what the most practical theoretical approaches can and cannot do with environmental 
applications. The discussion is less mathematical and more problematical. 

A. APPLICATION DEFINITION - COMPUTATIONAL PERSPECTIVE 
To do a computation of performance of an adsorption system, we need to know each adsorbable 
component present, including water. Any background components may be important, even if 
nondetectableusing current techniques. For each component we need concentrationsand variations 
in concentration over the life of the system. Also the treatment objective (acceptable emuent 
composition) should be defined in similar terms. The required system variables are temperature of 
each carbon particle (Usually approximatedas a simple linear or a radial temperature profile through 
the adsorber) and gas-phase or liquid-phase linear velocity between the particles. The stream must 
be a single phase, to have effective contact of the contaminantswith the carbon particles and to avoid 
any unpredictable decay in performance. This means that for the gas phase there must be no 
particulate matter or freely condensed material, for the liquid phase there must be no suspended 
solids or precipitation within the column. 

B. APPLICATION DEFINITION - REAL WORLD PERSPECTIVE 
This ideal of an application description satisfying requirements for computation is rarely, if ever, 
obtained. Differences between the information required for computation and what is provided by 
the application definition are listed below. 
1. 
Generally the best case scenario is a stream analysis using a gas chromatograpWmass spectrometer 
(GCMS) and is usually a first step for both gas and liquid phase applications. This gives a list of 
compounds and concentrations for a sample taken usually at one moment in time. The GCMS 
analysis is relatively expensive. Consequently, time averaged values and histories of stream 
compositionare generally not available,and thus variability of composition is not well defined. The 
major problem with GCMS analysis is that the largest, most adsorbable molecules are also not 
volatile, and thus are difficult to detect with GCMS. Test methods that are less specific, such as gas 
or liquid chromatography (GC or LC), measure the major or critical components and give little 
information on background components. Nonspecific tests such as total organic carbon (TOC), 
chemical oxygen demand (COD), biological oxygen demand (BOD), color, odor give no useful 
information and only hint at the composition. However, comparing the results of one of these 
nonspecific tests to the sum of the concentrations of the known components can be useful to find 
how much background material is not accounted for in the calculation. Sometimes,this backgrod  
material can be approximated by substituting model compounds. 
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2. CarbontemDerature 
The temperaturecritical to the calculation is the temperature of the carbon where the adsorption is 
occurring, not the ambient or stream temperature (when gradients are present). Fortunately the 
carbon temperature profile in the adsorber is usually known or can be approximated. 
3. Linear velocitv or flow rat e and its variability 
Assuming no flow complication such as plugging or wall effects, the activated carbon is only 
concerned with the instantaneous linear velocity in the voids between it and its neighbors. This 
generally can be determined from the mass flow rate, void fraction, and dimensions for a given 
carbon system design. What generally is not included in the calculations are the fluctuations in the 
flow rate, or stoppage of flow due to shutdowns. 
4. Variabilitv of concentration and comuosition. 
Variability in stream compositions involves probability of upsets or spills and their magnitude, 
equipment operating schedules and flow rate changes, and the reliability of the sources of 
contamination. Few streams are consistent, but many streams that involve a leaching phenomenoq 
and where the equipment follows a regular routine schedule can become predictable with experience 
Unfortunately this experience is generally not available during the design or evaluation stages of 
a project. 
5 .  D h e r v  t ariables affecting Derformance 
Other factors that can affect performance for gas-phase systems are: relative humidity, presence of 
condensables (including water), dusts or particulate matter (particulate size and amount). Other 
factors affecting performance of liquid-phase systems are: pH, conductivity, suspended solids 
(particulate size and amount). For humidity and pH, the effects can be estimated over a range of 
conditions and the performance detriment determined. Then an economic decision can be made for 
humidity or pH control or adjustment. The inlet end of a carbon adsorber will act as a particulate 
filter for dust and suspendedmatter, with the ability to filter material with diameters greater than one 
tenth of the smallest carbon particle diameter. However, operation of a carbon adsorber as a 
particulate filter is awkward and can be more expensive. The decision on whether to use prefilters 
for particulates is economical and depends on the severity of the problem. Unfortunately the 
adsorptive performance decay resulting from the lack of a prefilter for particulates can only be 
approximated crudely. 
6 .  Definine treatment obiectives 
Performance is usually defined by the point at which the treatment objective is exceeded Although 
objectives are usually dcfincd, the exact point at which a treatment objective is exceeded sometimes 
adds uncertainty. For example, predicting the point at which a treatment objective is exceeded can 
be complicated when the objective is a nonspecific test result such as total hydrocarbon,TOC, BOD, 
COD, color, or odor, and a wide variety of components are present in the effluent of the carbon 
system. When the objective is cumulative mass over a time period (for example, kilograms of 
hydrocarbon per month), determining the calculated point at which the carbon system is exhausted 
and should be replaced is difficult. Percentage removal objectives for individual components can 
be difficult due to the potential variability of the influent stream and the time lag of a change in the 
influent to a change in the effluent. From a computational point of view, the simplest treatment 
objectives are concentration limits for individual components. 
7. meneration (thermal or extraction) 
Incorporationof a regeneration scheme, whether thermal (Steam or hot air), vacuum, or extraction 
(using a solvent or a pH shift) adds many more variables and uncertainty to the calculations. For 
example, a correlation of isotherm data as a function of temperature is required for thermal 
regeneration. Generally the approach is to measure several regeneration cycles and look for the 
system to reach a steady state. This approach is generally adequate, but does not predict the eventual 
exhaustion of the carbon with nonregenerable components or other operating inefficiencies that 
occur later in the life ofthe carbon bed (such as degradationof the particle to a smaller particle size 
or slow oxidation of the carbon structure). 

. 

11. THEORETICAL APPROACH TO ADSORPTION 
A few computationalapproaches can be used to approximate adsorptive performance, even within 

.the limitations of the real world descriptions of environmental applications mentioned above. In 
order to select an adsorption theory for predicting performance in environmental applications, the 
following criteriamust apply. The theory must be applicable: for systems with an unlimited number 
of components, for use with any of the wide variety of commercial activated carbons, and for the 
range of system variablespresent such as temperature,pressure, and pH or humidity. These are not 
trivial requirementsbecause they imply that a multicomponent isotherm capacity can be determined 
for any component for any activated carbon over a range of concentrations and temperatures, 
pressures, pH, or humidity. With all these variables, measuring enough points to define the 
multicomponent isotherm surfaces is not practical. Therefore, the theoretical approach must predict 
multicomponent isotherms from single component isotherm data. Also isotherm data on one 
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activated carbon must generalize to all other commercialized carbons (Libraries of empirical 
isotherms will not be available for all commercial carbons). At least two approaches can satisfy 
these computational requirements and the practical limitations on the amount of empirical data 
required. The Ideal Adsorbed Solution Theory' (IAS) incorporating a generalized characteristic 
curve*, and the Polanyi Adsorption Potential Theory ' incorporating the Hansen-Fackler 
Modificatiod (Polanyi). The remainder of the discussion on performance prediction will be limited 
to the use of these two approaches. 

A. THEORETICAL APPROXIMATIONS AND ASSUMPTIONS 
1. predom inata  
The adsorbates exhibit no specific interactions with the surface or each other, including chemical 
reactions on other nonideal behavior. This is a good assumption for most adsorbates on activated 
carbons. Specific interactions do occur, for example dipole-dipole and dipole-surface oxide 
interactions,but they are generally less significant than the nonspecific physical attractions. If this 
is not the case, then a polar adsorbent like Silica gel or alumina should be used instead of a nonpolar 
activated carbon. If the specific interaction between adsorbates is strong, such as with dimerization, 
then treat the dimer as the adsorbate. 
2. Bulkbehav ior is observed in the Dores 
What happens outside the particle happens inside the pores of the activated carbon. In other words, 
the adsorbates exhibit lateral interactions, bulk solubility limits, and melting points. The carbon 
structure does not alter the physical properties of the adsorbate. This is a good approximation on 
nonimpregnated activated carbons. 
3. 
All adsorbateshave equal access to all portions of the carbon pore structure. Generally this is a good 
assumption. Molecular sieving or exclusion of large or bulky molecules does occur in activated 
carbons in specific instances, but it is the exception and not the rule. Also, on commercial activated 
carbons, the pore structure is purposefully open to provide easy access. Adsorbates excluded are 
generally so large that they are adsorbed in another part of the structure. When exclusion does 
occur, accounting for it with mathematical corrections to the single component isotherm is a 
possibility. 
4. mlume  -based c o r n o w  
Applicationis based on pore filling, and adsorbatescompete on a volume basis. An adsorbate with 
twice the molar volume will compete with two of the smaller molecules. This is a good assumption 
and is why molar volume is one of the most important properties in determining adsorbability of a 
molecule. 

. .  
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B. STEPS IN THE COMPUTATION 

The first step is to generate a set of single component isotherms on a carbon of interest over the 
range of temperaturesand stream conditions. An empirical approach would require a handbook of 
adsorption isotherms to be determined for each contaminant, on every carbon, over the range of 
temperatures and pH. The solution is to generate the single component isotherms using a 
generalized characteristiccurve for the carbon and set of specific characteristics for each adsorbate 
determined on a standard carbon. The IAS theory can also incorporate a generalized characteristic 
curveJ to generate the single component isotherms that are very similar to this classic Polanyi 
approach! 

First assume a pair of adsorbate properties, independent of the carbon, which can be used to scale 
adsorption isotherms to a single characteristiccurve. One property is related to relative strength of 
the adsorptive interaction (F'olanyi polarizability),and the other is related to the efficiency of filling 
the pore structure (molar volume in the pore determined from the maximum adsorption capacity at 
near saturatedconditions). Next assume that the characteristiccurve is a functionof the carbon pore 
structure and therefore is a property of the adsorbent and independent of the adsorbate. The 
characteristiccurve is generally presented as a distributionof pore volume over different adsorptive 
forces, corresponding to different pore sizes. The assumption is that the carbon pore structure is 
constant and fills on a volume basis and interacts with molecules in the same manner. Differences 
are in the number of molecules that fit into a pore and the relative strength of the interaction with 
the carbon structure. 

With these assumptions, only one isotherm for a standard adsorbate (for example propane) is 
required on each carbon to determine the characteristic curve. Several simple techniques are 
available to generate these data easily.' Then one isotherm for each contaminant is required on a 
standard and well-defined activated carbon to determine the adsorbate molar volume and relative 
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adsorption strength in the pores. The database of published isotherms on well-defined standard 
carbons is growing, but is still inadequately small. 

The thermodynamicsof adsorptionof multicomponentsystems on activatedcarbons, both from the 
gas-phase and liquid-phase, has been defined by several models: but the most popular have been 
the Polanyi and IAS theories. Both approaches are thermodynamically consistent9, and calculation 
algorithms are available which can handle a large number of carbons and adsorbates efficiently.’0 
The computation determines the partial occupation of the different regions of the pore space 
(adsorption sites) by the different contaminants. By summing the occupation of all sites by all 
contaminants, under the stream conditions, a multicomponent loading on the carbon particle is 
determined. 

-transfer r esistancc 3. --&el for mass 
Once the multicomponent thermodynamics has defined the equilibrium state, a kinetic model can 
be incorporated to account for the diffusion of the adsorbate into the carbon pore structure. The 
adsorption kinetics has been most often modeled using an approach that incorporates three or four 
diffusion steps: the interparticle mass transfer (bulk diffusion), intraparticle mass-transfer @ore 
diffusion), and finally adsorption/reorgani~tion (surface diffusion).” 

The interparticle step is dependent on flow rates and column packing efficiencies It is independent 
of carbon structure except its particle size and shape, and has been adequately modeled using 
columnsof glass beads. Some modelersalso add a boundary layer or film diffusion step as a second 
step in the interparticle (or bulk) diffusion process. The Interparticle diffusion process is readily 
handled mathematically with few empirical parameters. 

Intraparticlediffision is independent of the flow rate or column dimensions but is highly dependent 
on carbon transport pore structure, often called the macropores and mesopores. Because this 
transportstructureis specific to the carbon pore size distribution and how the pores are connected, 
the intraparticlediffusion coefficient can only be determined empirically. Unfortunately for nearly 
all ‘well-designed’ systems this is the slowest and thus the rate-controlling step in the adsorption 
process. The surface diffusionor rearrangement steps are independentof the transport pore structuxe 
but are dependent on the carbon and processes that are occurring. It also is only modeled 
empirically. 

One goal in commercial adsorption systems design is to ensure the mass transfer zone is less than 
20% of the column length to use the capacity of the activated carbon efficiently. For gas-phase 
adsorption systems it is generally much less than 20%. Therefore, the accuracy of the kinetic model 
is less critical when dealing with well-designed adsorption systems, especially in the gas-phase. 
Consequently, crude approximations for the interparticle, intraparticle, and surface diffusion 
coefficients are often used and are adequate. 
4. h p r e s e n  tation of the a dsorbent column 
Once the kinetics and thermodynamics are described, then a model is needed to represent the 
adsorption system. The column dynamics can be represented several different ways,’* from 
theoretical plate (or stage-wise equilibrium) approximations, that resemble distillation column 
models, to calculationof widths of adsorption bands which resemble chromatography approaches. 
More rigorous approaches using coupled partial differential equations for heat and mass balance can 
also be used, but are generally not justified unless the system is complex, for example involving a 
complicated regeneration scheme. 

Errors are also introduced when simplifying assumptions are made, like treating nonisothermal 
column profiles as isothermal or ignoring heat losses and treating the column as adiabatic. The other 
complications that can be over simplified are competitive displacement resulting in a rollover of 
displaced component, and concentrations within the column that are higher than the influent. 
Rollover increases column efficiency, but this increase is often ignored by models.” Finally, 
complicationsare added by the regenerationprocess, which is almost always a partial regeneration, 
and usually runs countercurrent to the adsorption flow. This results in complicatedtemperature and 
loading profiles in the carbon column and broader mass transfer zones. Simplifying approximatiom 
for regenerable systems are the same as the ones mentioned above, but are more significant and thus 
result in larger errors. 

C. RESULTS OF THE COMPUTATION 
The results of the computationdescribe the column performance as order of elution, adsorption band 
widths, rollover or displacement, mass transfer zone size, and carbon exhaustionrate to a percentage 
breakthrough or to an effluent concentration limit. The order of elution shows which compounds 
elute first and will be key in exceedingthe treatment objective. The adsorption band widths define 
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the segregation or chromatographic separation of components on the carbon column that can be 
important in some purification and separation processes. Rollover or displacement behavior can 
be important when dealing with separation using desorption processes or adsorbate recovery 
processes. A mass-transfer zone is predicted for each componentpresent, but only the early eluting 
components are of interest. The mass transfer zone size of these components dictates the adsorber 
size and is the key to the system balance between the capital cost of the adsorption system and 
operating cost for the replacement activated carbon. (Utility costs, for energy and water, are an 
additional consideration for regenerable systems.) 

Finally the predicted exhaustion rates are usually in units of bed volumes treated to an effluent 
treatment objective, which can be a percentageof the influent concentrationor it can be an absolute 
concentrationlevel. This exhaustion rate determines the absolute operating cost of the system and 
the change-out or replacement frequency of the activated carbon in the column. The operating cost 
derived from the exhaustion rate, can be compared directly to costs of alternate technologies. 

111. SOURCES OF ERROR 
Accuracy of these methods is highly dependent on complexity and consistency of the stream, the 
ideality of the components, and the definition of the treatment objectives. The following discussion 
is not a statistical error analysis, but the relative assessment of the greatest sources of error based on 
experience running performance prediction calculations for general gas-phase and liquid-phase 
environmental applications. Table 1 lists a description of the various sources of uncertainty, and 
the relative importance of the contribution to the overall error of the performance predictions. 

A. SINGLE COMPONENT ISOTHERM MEASUREMENT AND PREDICTION 
The multicomponentadsorptionmodels must also predict the original single component isotherms. 
Any errors due to oversimplification, when approximating single component behavior are 
incorporated in the single component prediction and carried over to the multicomponent case. 
Several examples of the levels of errors for single component predictions are listed in Table 2 for 
the Polanyi approach. 

Major sources of error for the single component predictions are as follows. 
1. Inaccuracies in the isotherm test or measurement - equilibrium was not attained, the carbon 
temperature was not controlledor measured, or the analytical errors were magnified by calculating 
the adsorption as a small difference between two large measurements. 
2. Carbon samples were not representative - samples were contaminated (solvent vapors from the 
lab), out-of-dateand no longer representativeof the commercial activated carbon, or highly oxidized 
which can modify the pore structure. 
3. A known isotherm was substituted for an unknown component - using an isotherm for an isomer 
of the adsorbate, for an adsorbate with similar molecular structures, or for an adsorbate with similar 
molecular formula and weight. 
4. Selection of a single component adsorption theory - Polanyi and IAS can both assume a 
characteristiccurve shape, necessary to be practical, but significantly decreases the accuracy of the 
predictions. 

B. MULTICOMPONENT ISOTHERM PREDICTION THEORY 
Most ofthe errors are due to the inherent assumptionsof the theories." Typical errors for common 
components are smaller than the single component values in Table 3, but exceptional errors can 
magnify theoretical shortcomings and become quite large. Thus, the multicomponent errors 
primarily reduce the reliability of the performance prediction. 

Major sources of error for the multicomponent predictions are as follows. 
1. Choice of the multicomponent theory - in some simple cases the Polanyi and IAS theories are 
mathematically identical, but for the general case the simple Polanyi approach is less accurate than 
the IAS, which is less accurate than the Polanyi with the Hansen-Fackler m~dification.'~ 
2. Breakdowns of the basic assumptions (sometimesthe effects can be corrected for by adjusting the 
single component isotherm15), for example: 
Volume-based competition - in rare instances molecular shape can affect the volume competition. 
Molecular sieving - becomes significant specifically with large molecules and can affect competitim 
in the smaller pores. 
Chemisorption - nonideal systems involving highly polar or reactive species can have additional 
specific interactions, such as hydrogen bonding, polar interactions, dimer formation, etc. 
Bulk behavior in the pores - unique characteristicsobseredonly when the molecule is an adsorbate, 
usually due to a configuration or interaction due to the carbon structure. 
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C. PROBLEM DEFINITION 
The two biggest concerns for accurate performance prediction are a precise identification of the 
background components and definition of the treatment objective. Vaguely defined background 
components (TOC, BOD, COD) and unknown or nondetectatie compounds would add uncertainty 
to the prediction even if the calculation method was perfect. Empirical means of classifying the 
competitiveeffectsof backgroundcomponentsexist, even when the componentsare not well defined 
or detectable.16 However, these methods can be difficult to cany out and are only approximations. 

The definition of the treatment objective also can contribute to uncertainty in the performance 
prediction when defined vaguely using terms like TOC, BOD, COD, non detectable, color, or odor. 
To compute adsorptive performance, all treatment objectives must be translated to absolute 
concentration levels for specific individual components for computation. Occasionally, the 
computation is run once just to learn the order of elution of the contaminants, which is used to decide 
which eluting componentexceeds the treatment objective. The objective is redefined as an absolute 
concentration of that critical component and the computation is repeated. Table 2 lists treatment 
objectivedefinitions and how to convert them to a usable form, and their effect on the accuracy of 
the results. 

D. MODELING THE ADSORPTION SYSTEM 
Other inaccuraciesin the predictions are modeling of the adsorption kinetics and choice of models 
for the columndynamics(adsorbent bands, theoretical plates, etc.). These errors are not as critical 
for well designed commercial adsorption systems, where the carbon utilization is greater than 80% 
(the mass transfer zone of the early eluting components is less than 20% of the column). 
Consequently,the error contributiondue to the kinetic model or the column dynamics is generally 
less than that of the single component isotherm approximations. The exception is for poorly 
designed systems with shallow beds and high linear velocities, or systems that involve a complex 
regeneration scheme. 

Iv. STATE-OF-THE-ART OF ADSORPTIVE PERFORMANCE PREDICTION 
We should neither be satisfied nor be despondent over the previous discussion of current 
performance predictionmethods. The methods are useful evaluation tools, although they fall short 
of OUT goals for environmental applications, and the situation can only improve to the future. 

A. WHAT CURRENTLY CAN BE DONE ACCURATELY 
The existing techniques have inherent errors due to simplifying assumptions that are necessary to 
make them easier to use. However, these techniques are adequate for making gross comparisons of 
technologies or relative performance comparisons for activated carbon product selection. 
1. Relative comuarison of different carbons 
Many major errors in predicting adsorption isotherms cancel when making relative performance 
comparisons under identical conditions and stream compositions. This is often the case when trying 
to identify the optimal activated carbon for a specific application. Performance of several different 
carbon structures can be compared to select the activated carbon product with the optimum 
performance or price-performance ratio. The absolute performance may not be accurate, but if the 
same errors were reproduced for each carbon, then selecting the best performing carbon is still 
possible. 
2. Comparison of carbon adsorption to alternative technolopies 
When comparing activated carbon adsorption to alternative technologies for environmental 

cleanups, generally differences in performance are large, or gross assumptions had to be made to 
equate the dissimilar systems. Consequently, the size of these errors is insignificant compared to 
the differences in performance or the errors introduced by the gross assumptions. When the 
performance (or price-performane ratio) of carbon adsorption and another technology are similar, 
the prediction errors can become significant. In this situation, however, the proper conclusion 
should be that both technologies are equal and no real performance differentiation exists. In these 
cases, the selection of the best technology will usually be dictated by capital-operating cost ratios, 
system size, available utilities, or engineering preferences. 
3.  Desc r ib inwera l  beha vior of activated carbon columns 
The existing models are also useful in “what if‘scenarios. Because the Polanyi and IAS approaches 
have a basis in thermodynamics,many fundamental principals are incorporated in the computations 
Consequently, the methods will extrapolate to extreme conditions and predicted behavior of the 
system under upset conditions. 

For example, they can approximatethe effects of spikes in the influent concentration during upsets, 
or spills and dips in concentration during shutdowns (loss of the contaminant source). The bed 
volumes a carbon system can treat during a spike are always greaterthan the bed volumes that would 
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have been treated if the same amount of contaminant had been introduced at the average influent 
concentration. In terms of mass of contaminant removed per mass of carbon, the spike improved 
performance. However, the benefit of the spike, a band within the column with more heavily loaded 
carbon, decreases with additional bed volumes treated after the spike occurs due to dilution and 
spreading of this band. Thus the benefit of a spike is least for a fresh column and greatest for a 
column that was nearing exhaustion. 

The situation is different for dips in concentration (disappearance of contaminants). The bed 
volumes a carbon system can treat during a dip are greater than the bed volumes that would have 
been treated if the dip had not occurred. As for bed volumes treated, the dip improves performance 
and the life of the carbon. Desorptionof the contaminant-loaded carbon does occur, but this is less 
important than the decrease in influent concentration. With a dip in concentration, contaminants 
were removed or not added upstream, which reduces the requirements on the carbon system more 
than the negative effects of extraction or desorption. However, the benefit of the dip is not realized 
unless the influent retums to its previous concentrations and the carbon system has the opportunity 
to treat additional bed volumes of contaminated influent. Thus the benefit is greatest for a fresh 
column and is least for columns nearing exhaustion. 

B. WHAT CURRENTLY CANNOT BE DONE 

For most all real-world environmetdal applications, today’s performance prediction techniques are 
inadequate for making cost guarantees or for determining minor improvementsdue that would result 
from evolutionary changes in equipment design. 
1. Cost e uarantees 
The average error levels are small enough, and their effect could be incorporated into cost guarantees 
by conservatively adjusting the specified performance by several standard deviations. Problems 
arise due to the uncertainty of when the basic assumptions of the theories breakdown. The effects 
of these breakdowns can be large errors and represent an incalculable risk to business. Rough cost 
estimates can be made for comparison purposes, which are generally useful for making a decision 
to investigate carbon adsorption further. 
2. Enpineering desi= 
For engineeringdesign, the computations are useful only for relative sizing or selecting equipment 
from a catalog list. The computational errors are simply too large to measure improvements in 
performancedue to refinements in dcsigns, for example improved adsorbets flow patterns, optimal 
height to diameter (H/D) ratios, or inlet/outlet nozzle patterns. In these situations the design changes 
will only slightly affect performance and the effect is often less than the error in the calculations. 
Also effects of particulate and suspended matter cannot be considered, which often dictate design. 

Computations with theoretical models are not yet substitutes for on-site, pilot-scale, column 
simulationtests. This is especially true when the stream and the treatment objectives, or even the 
background components, are defined vaguely (using color, odor, TOC, BOD, COD, or 
nondetectable). 

3. p 

c. WHAT CAN BE DONE TO IMPROVED THE PREDlCrlON OF ADSORPTIVE PERFORMANCE? 
The simplest way to improve the accuracy of any computational method is to incorporate more 
empiricism or empirically derived variables. However, the approach must also be practical as for 
data required. Some errors are inherent in the simplifying assumptions required to reduce the 
amount of empirical data required for performance prediction. For example, the presumption of a 
characteristiccurve greatly reduces the amount of single component isotherm data required, but also 
is a major contributorto error. The following are several things that could be done now to improve 
the accuracy of the predictions in a practical manner. 
1. Standardized activated carbon samoles 
Isothermdadsorptiondata needs to be generated on standard carbons - even commercial carbons of 
one name change over the years. Carbons should have published carbon characterization curves or 
an isotherm with a single known component with data ranging more than five orders of magnitude 
in concentration or in partial pressure. 
2. A handbook on a dsorption charactenstics 
Accurate single component isotherm data on a wider variety of contaminants over a broader range 

of temperatures is needed on standard activated carbon samples with known characteristic curves. 
With this data the empirical adsorbate characteristics can be determined and then assembled in a 
handbook. 
3. Additional real-world exDerienca 
Comparing more results from real world adsorption systems versus the best theoretical predictions 
increases the confidence in the reliability of the basic assumptions of the adsorption theories. 
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Eventually we may learn how to approximate backgrounds empirically and predict the breakdown 
of theories. We may reassess the relative importance of sources of error of existing models and 
direct the theoretical and empirical work being done on adsorption on activated carbon to improve 
the current situation. 

V. REFERENCES 
1. A. L. Meyersand J. M. Prausnitz, A.1.Ch.E. Journal, 1 I ,  121(1965) and C. J. Radke and J. W. 

Prausnits, A.1.Ch.E Journal, 18, 761 (1972). 

J. A. O’Brien, A. L. Myers,“Physical adsorption of gases on heterogeneous surfaces. Series 
expansionof isotherms using central moments of the adsorption energy distribution”, J. Chem. 
SOC., Faraday Trans. 1 (1984), 80(6), 1467-77 

3. A. Wohleberand M. Manes, J. Phys. Chem., 75,61 (1971).Theoryofthe Structure ofActivated 
Carbon - Relationshipto AdsorptionProperties, and Manes and M. Greenbank, In “Treatment 
of Water by Granular Activated Carbon”, M. J. Mcguire and I. H. Suffet, Eds., American 
Chemical Society, Washington, D.C. 1983, p9. 

R.S. Hansen and W. V. Fackler, J. Phys. Chem., 57,634 (1953) 

D.P. Valenzuela, A. L. Myers,O. Talu,I. Zwiebel, “Adsorption of gas mixtures: effect of 
energetic heterogeneity”, AIChE J. (1988), 34(3), 397-402 

R. J. Grant and M. Manes, Ind. Eng. Chem. Fundamentals5,490 (1966) and M. R. Rosene, M. 
Ozcan, and M. Manes, J. Phys. Chem., 80,2586 (1976) and R. J. Grant, M. Manes, and S .  B. 
Smith, A.1.Ch.E. Journal, 8(3), 406 (1962). 

7. B. P. Semonian and M. Manes, Anal. Chem., 49,991 (1977) and M. Greenbank, T.M. Matviya, 
W.G. Tramposch, “Rapid Carbon Adsorption Characterizationusing Temperature Programmed 
Adsorptionand Desorption”,presentatedat the AICHE Meeting in Los Angeles,CA,November 
17, 1991. 

2. 

4. 

5. 

6. 

8. C. Malara, G. Pierini, A.Viola, “Correlation,analysis and prediction of adsorption equilibria” 
Jt. Res. Cent., Comm. Eur. Communities, Ispra, 1-21020, Italy, Report to Comm. Eur. 
Communities, [Rep.] EUR (1992), EUR 13996,47 pages. 

9. S.SircarandA.L.Meyers,A.I.Ch.E.Journal,17,186(1971),andM.GreenbankandM.Manes, 
J.Phys.Chem., 85,3050 (1981). 

IO. J. A. O’Brien, A. L. Myers, “Rapid calculations of multicomponent adsorption equilibria from 
pure isotherm data”, Ind. Eng. Chem. Process Des. Dev. (1985), 24(4), 1188-91,and M. 
Greenbank, Ph. D. Dissertation, Kent State University (1981). 

11. J. C. Crittenden, G. Friedman, D.W. Hand, J. Berrigan, T. Speth, “Design of fixed-beds to 
remove multicomponentmixtures of volatile organic chemicals”,Proc. - AWWA Annu. Conf. 
(1985) 1327-46 and J. C. Crittenden, D. W. Hand, “Modeling of adsorption, desorption and 
displacement in fixed-bed adsorbers”, Fundam. Adsorpt., Proc. Eng. Found. Conf. (1984), 
Meeting Date 1983,185-94. Editor(s): A. L. Myers,G. Belfort, Publisher: Eng. Found., New 
York. N. Y. 

12. M. D. LeVan, D. K. Friday, ”Models for thermal regeneration of adsorption beds”, Fundam. 
Adsorpt., Proc. Eng. Found. Conf (1984), Meeting Date 1983, 295-304. Editor(s): A. L. 
Myers, G.Belfort, Publisher: Eng. Found., New York, N. Y. 

13. E. Richter, W. Schuetz, A. L. Myers, “Effect of adsorption equation on prediction of 
multicomponentadsorptionequilibriaby the ideal adsorbed solution theory”, Chem. Eng. Sci. 
(1989), 44(8), 1609-16 

14. M. GreenbankandM. Manes, J.Phys.Chem.,86,4216 (1982)and M. Greenbankand M. Manes, 
J.Phys.Chem., 88,4684 (1984). 

15. T. W. Schenz and M. Manes, J. Phys. Chem., 79,604 (1975) and M. R. Rosene, M. Ozcan, and 
M. Manes, J. Phys. Chem., 80,2586 (1976). 

366 



I 16. M. R. Rosene, R. T. Deithom, J. R. Lutchko, and N. J.Wagner, "High pressure Technique for 
Rapid Screening of Activated Carbons for use in Potable Water", Activated Carbon Adsorptim 
of organics from the Aqueous Phase, Vol. 1, I. H. Suffet and M. J. McGuire editors, Ann Arbor 
Science, Ann Arbor, Chaper 15 (1980). 

367 



Table 1 Relatlve 1mr)ortence of the Dlllerent Sources of Errors 

Sources 01 Error In Adsorptlon Calculatlons 

Analytlcel Errors In measurement 
Carbon sample not representative 
Substitution 01 an known Isotherm for an unknown componenl 
Selection of theorytlechnlque 

Cholce 01 lheoiy IAS vs. Polanyl 
Volume-based compelltlon 
lnleracllons end accessabllily 
Bulk behavior In the pores 

Selection 01 the Kinetic approaches 
Cholce of Models lor Column dynarnlcs 

Stream Composition ~ crllical and background components end concenlratlon 
Background components and nondeteclable compounds 
Traatmenl Objectives deflned vaguely (nondetedsble) 
Nonspecific Test Objective (TOC. BOD, COD, eto.) 
Temperature - (wllhin each carbon particle. through-out the bed) 
Flow rale - Linear veloclly/mass flow and 11s varlabllily 
Varlablllty 01 concenlratlon and cornposillon, 
Complex Schemes-Regenerallon processes 

' For well-deslgned adsorption systems with MTZ<2O% of column 

M u u h i Q m P  - 
Potenllal lor 

~yplcal Error Lnrge Errw In 
Contrlbullon Speclal Cases 

<lo% N O  
<20% Yes 

1010100% Yes 
0 to 100% Slight 

0 to 100% Yes 
CloO/o Slight 

0 to 100% Yes 
40% Sltght 

<20%' No 
<2047* No 

Yes lotoloo% 
50 to 500% Yes 

<20% Sllght 
10 to 100% Sllght 

<20% No 
<lo%' No 

No 
Yes 

10 to 100% 
20 to 200% 

Teble 2 Errors In Slngla Component Predlctlons 

Average 
Devletlon & 

% % Error % Error 

M m d  0 n C . e S  275.6% 1082% -1 1.1% 
Tc4lno 0121c 6.7% 34.7%. -6.4% 
Tdmamylwlane 0117C -61.5% 5.2% -84.2% 

l.4- - 
P U l l W  025c 4.9% 21.6% -19.2% 
0 e N a n l ! d O  02% 1.007 12.0% -10.1% 
oPhUmoC add 025C -0.5% 8.2% -14.007 

Cancentratlan 
Wh W 
ppm ppm 

3461 387 
45 0.066 
50 0.068 

13800 1 1  
9970 160 
1990 3.9 

No. 
tllah W 01 

cdi00g.cerbon Polnls 

7.4 0.146 6 C h r n b p m n a t b w ! a & p  
5.24 0.494 5 FIIUngdura~Ie,blk- 
9.36 0.153 16 b.u-brllsvh~ 

* nagatlve error means the aclual maasuremanl was less than the predicted value 

Table 3 Contrlbullone lo Errore In Cornpullng Breakthrough Llmlts 

RmnldhmVghCriterlan Exam- 

w ~ w - v  
2 % BreakthrougWremoval 89% removal 01 CHCl3 I l + I M c P u r ( t c y d l ~ a l ~ ~ I ~ h  
3 Non Detectable Nondetectable CHC13 r1,AMtyWl emInhny~pmnd ma11.nnou 

5 1b.emlsslons per month 10 Ib.hydrecarbons per month llmlt ~ + ~ ~ ~ t e b n a ~ ~ ~ u g h m m a y l l l l - , , , ~ m  

100 ppm TOC 14 WaUUe wdOmCnp IscloR lw .MlmvIN lo IeM(rOC1 
r 4 . r * . ~ ~ m p w n a r F l D ~ w p ,  7 Total Combustibles (by FID) 1 ppm Hydrocarbon as propane 

8 Nonmelhane hydrocarbon 1 pprn nonmethane hydrocarbon 17 + - o t t m m d # m &  . __. 9 GOD 
10 BOD 
11 Color 
12 Taste or Odor 

100 pprn COD 
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